Insulin-like growth factor I receptor/Akt/Extracellular signal-regulated kinase (ERK)/Epidermal growth factor receptor/Autophosphorylation.
INTRODUCTION
Insulin-like growth factor I receptor (IGF-IR) is expressed in many cell types and plays a crucial role in many biological functions including protection from apoptosis, cell growth, and transformation. [1] [2] [3] When the ligands of IGF-IR, IGF-I, or IGF-II, bind its α subunit, the tyrosine kinase in the β subunit is activated and the signaling pathways downstream of the receptor are stimulated. Major pathways downstream of IGF-IR include the mitogen-activated protein kinase (MAPK) and phosphoatidyinositol-3′ kinase (PI3-K) pathways, both of which are known as survival signals. 4, 5) The epidermal growth factor receptor (EGFR) is another type of receptor tyrosine kinase; when bound to its ligands, EGFR can stimulate downstream signaling pathways similar to those activated by IGF-IR. 6, 7) EGFR and its downstream signaling pathways can also be stimulated in a ligand-independent fashion following various stresses such as UV, ionizing irradiation, heat shock, and osmotic shock. [8] [9] [10] [11] In contrast, it is unclear whether IGF-IR can be activated by stress in a ligand-independent manner and contributes to the activation of downstream signaling pathways. In this study, we have investigated the possible involvement of IGF-IR in the heat shock-induced signaling mechanism using mouse embryo fibroblasts (MEFs) with a targeted disruption of the IGF-IR gene and MEFs overexpressing human IGF-IR. These cell lines provide us with an ideal model to explore the above described effect of IGF-IR.
MATERIALS AND METHODS

Materials
Antibodies against IGF-IRβ-subunits, EGFR, ERK2, antimouse IgG conjugated with horseradish peroxidase (HRP), rabbit IgG-HRP, and Protein A/G PLUS-Agarose were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-phosphotyrosine antibody (PY20) was purchased from Transduction Laboratory (Lexington, KY). Anti-PKB/AKT pSer(473) antibody and anti-EGFR pTyr(1068) were purchased from Biosource (Camarillo, CA 
Cell lines and culture conditions
Mouse embryo fibroblasts with a targeted disruption of the IGF-IR gene (R-) 2) and MEFs overexpressing human IGF-IR (WT) 12) were used and maintained in a humidified atmosphere containing 5% CO2 in Eagle's minimum essential medium (MEM) containing 1 mM sodium pyruvate, 100 units/ml penicillin, and 100 µg/ml streptomycin supplemented with 10% fetal bovine serum. For the heat-and growth factor-stimulation, 1 × 10 5 cells were plated in the growth medium in 25 cm 2 plastic flasks. Twenty four hours after plating, the medium was replaced to the serum -free medium, which contained 1 mg/ml bovine serum albumin (SFM). The cells were stimulated with heat or growth factors after overnight incubation in SFM.
Western blotting
Western blotting was performed as described previously 12) by using the ECL Western blotting analysis system. Briefly, the cells were digested in a lysis buffer (20 mM Tris-HCl, pH7.5, 150 mM NaCl, 0.5% Titon X-100, 0.1% SDS, 1 mM EDTA, 100 mM NaF, 1 mM sodium orthvanadate, 1 mM phenylmethylsulfonylfluoride, and 1 µg/ml aprotinin). Equal amounts of cell lysates were separated in 7.5 or 10% SDSpolyacrylamide gel (PAGE), and proteins were transferred to a nitrocellulose membrane. After blocking in 5% nonfat milk, the filters were probed with primary antibodies (pMAPK, 1:1,000; pAkt, 1:500) overnight at 4°C, then incubated with secondary antibodies conjugated with HRP (1:2,000). Proteins were visualized with the ECL system. For immunoprecipitation, growth factors (IGF-I, 50 ng/ml; EGF, 100 ng/ml)-stimulated or -unstimulated cells were digested in a lysis buffer described above and equal amounts of lysates (roughly 500 µg of protein) were immunoprecipitated with 10 µl mixtures of anti-IGF-IRβ antibody bound to Protein A/G PLUSAgarose (1:1) for 1 h at 4°C. Immunoprecipitates were washed and subjected to Western blotting. Autophosphorylation of IGF-IR was visualized by using anti-phosphotyrosine antibody (PY20) (1:1,000) as described above. Autophosphorylation of EGFR was visualized by using an antibody that recognizes the phosphorylated form of EGFR (1:2,000).
Immunoprecipitates prepared with an anti-EGFR antibody were subjected to SDS-PAGE, and tyrosine phosphorylation of EGFR was also visualized by PY20. All the Western blottings were repeated at least three times, and similar results were obtained. A representative result was presented.
Heat shock-treatment
Heat shock -treatment was performed by using a temperature-variable water bath (Yamato, Tokyo, Japan). Serumstarved cells grown on plastic flasks were tightly sealed and soaked in the water bath at the given temperature for the indicated times. Immediately after the treatment, the growth medium was aspirated and cells were then lysed and prepared for Western blotting as described above.
RESULTS AND DISCUSSION
To test the role of IGF-IR in heat shock-induced activation of the MAPK and PI3-K pathways, MEFs deficient in IGF-IR (R-) or overexpressing human IGF-IR (WT) (~10 6 receptors/ cell) were utilized.
12) The phosphorylated forms of ERK and Akt were examined by Western blotting as activation markers of the MAPK and PI3-K pathways, respectively. The temperature-dependence of activation of both kinases is shown in Fig. 1A . An activation of Akt was clearly detected after heat shock at 45°C for 10 min in both cell lines. An activation of ERK was weakly detected at 42°C, but strongly detected at 45°C in both cell lines. The time courses of activation of both kinases at 45°C are shown in Fig. 1B . Activation was detectable after heat shock for 5 min, and its extent was almost constant up to 30 min. These results indicate that there are no significant differences in activation levels in terms of temperature-dependence and time course between the cell lines, suggesting that IGF-IR may not contribute to heat shock -induced activation of the MAPK or PI3-K pathways even when overexpressed. The level of ERK activation induced by heat shock at 45°C for 10 min was essentially equivalent to the activation induced by treatment with 50 ng/ml of IGF-I or 100 ng/ml of EGF for 10 min. The level of Akt activation was equivalent to that induced by 50 ng/ml of IGF-I for 10 min, but it was stronger than that induced by 100 ng/ml of EGF for 10 min.
To confirm that IGF-IR was not involved in heat shockinduced activation of either pathway, the autophosphorylation of IGF-IR was examined following heat shock treatment (Fig.  1C) . The stimulation of WT cells with 50 ng/ml of IGF-I for 10 min, which activated ERK and Akt in a manner similar to heat shock treatment, clearly induced autophosphorylation of IGF-IR; in contrast, heat shock (45°C for 10 min) did not induce IGF-IR autophophorylation. This result agrees with the results shown in Fig.1A and B. Since it is thought that the EGFR plays an important role in the heat shock activation of both pathways, 9) we examined autophosphorylation of EGFR following heat shock treatment (Fig. 1D) . Unexpectedly, autophosphorylation of endogenous EGFR was not detected beyond the unstimulated level after heat shock treatment at 45°C for 10 min in the two cell lines. Stimulation with 100 ng/ml of EGF apparently induced activation. The same blot was reprobed, and it was confirmed that heat shock induced the activation of ERK and Akt without an activation of EGFR. The results were exactly the same when cell lysates were immunoprecipitated with an anti-EGFR antibody and probed with PY20 (data not shown).
In this study, we have demonstrated that IGF-IR, even when overexpressed, does not contribute to heat shockinduced activation of Akt or ERK. Furthermore, EGFR did not seem to be involved in the activation of these pathways. It may be argued that low-level activation of the receptors, which was undetectable under the conditions tested, was suf-ficient to induce downstream signaling. However, this possibility is unlikely because~50 ng/ml of IGF-I or EGF was required to induce equivalent levels of ERK or Akt activation. Therefore comparable autophosphorylation should have been detected if receptor activation is the cause of the downstream kinase activation. Although it has been reported that receptor tyrosine kinases, especially EGFR, are major contributors in the activation of heat shock -induction, 9) our findings clearly indicate that, even in the absence of the activation of such receptor tyrosine kinases, heat shock can fully activate Akt and ERK in these cell lines. In the paper reporting the activation of EGFR, cell lines overexpressing EGFR (~10 6 receptors/cell) are utilized.
9) R-cells express only~10 4 EGFR per cell, 13) which may be why EGFR is not activated in the present study. The possibility still remains that the sensitivity of heat activation of ERK and Akt increases when WT or Rcells overexpress EGFR via its autophosphorylation. An activation of the MAPK and PI3-K pathways in response to heat could thus depend on cell types because of the different availabilities of substrates and transducing molecules in each cell type. Candidates upstream of the MAPK and PI3-K pathways, such as other types of receptor tyrosine kinases or nonreceptor tyrosine kinases such as Src, 9) are under investigation in our laboratory.
Although mentioning the biological significance regarding the activation of survival signals in response to heat is not the scope of the present study, we noticed that WT cells were more thermoresistant than R-cells were (The time required for 50% survival was 11 and 6.5 min for WT and R-cells, respectively, at 45°C by colony forming assay) (data not shown). This suggests that IGF-IR contributes to thermoresistance in a way independent of the MAPK and PI3-K survival signals. A specific PI3-K inhibitor, wortmannin, is reported to thermosensitize cells, but this effect becomes apparent when its concentration is higher than 10 µM, which also inhibits ATM and DNA-PK. 14) On the other hand, the PI3-K/Akt pathway reportedly contributes to the inhibition of apoptosis induced by heat. 10) Thus the biological significance of IGF-IR-and the EGFR-independent activation of stress signals in response to heat remains to be elucidated. 
